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Abstract Winter air quality can vary markedly due to cold air activities. However, the impacts of the
polar cold airmass on aerosol variations has not been clarified in a quantitative manner. Using an
isentropic analysis method, we investigated changes in the cold airmass and sulfate aerosol distributions
over North China during the winter of 2014/2015. The cold airmass and sulfate concentrations exhibited
pronounced out‐of‐phase variations, with comparable amplitudes at subseasonal (30–60 days) and synoptic
(4–6 days) scales. Subseasonal sulfate variations were closely associated with distribution of the polar cold
airmass, as it shifted between zonal and meridional patterns, regulating cold airmass fluxes over North
China. Typically, subseasonal surges in the cold airmass consisted of several synoptic disturbances,
including one cold air outbreak event and 3–6 renewal/decay oscillations. These synoptic inflows of clean
cold airmass repeatedly pushed the warm polluted airmass away from North China. Thus, spatiotemporal
variations in sulfate better reflect cold airmass distributions and fluxes than northerly wind regimes.
Using diagnostic equations derived herein, we estimated the contribution of various physical processes to
aerosol variations during cold air anomalies. We found that the local changes in sulfate concentrations were
mainly attributed to advection of warm airmasses, as well as advection and vertical displacement by
horizontal convergence of the polar cold airmass. The latter two processes contributed most to sulfate
decreases, leading to a relatively strong aerosol reductions during cold air outbreaks, while first two
processes led to weaker aerosol reductions during cold air oscillations.
1. Introduction
Aerosols and their interactions with weather/climate at both global and regional scales are generating
increasing concern. In East Asia, one of the regions with the heaviest air pollution is North China (Park
et al., 2016; Quan et al., 2011; Xia et al., 2013; Zhang et al., 2012). In recent years, North China has suffered
from persistent severe air pollution events, because of heavy emissions, low planetary boundary layer height,
low precipitation in winter, and compounding topographic effects. For instance, in January 2013, a record‐
breaking haze episode occurred over most parts of eastern China, lasting more than 2 weeks. During this
period, the maximum hourly PM2.5 concentration reached an extremely high value of ~680 μg/m
3 in
Beijing (Wang et al., 2014; Zhang et al., 2014). In 2015, another extreme haze episode occurred in the
Beijing‐Tianjin‐Hebei megacity cluster from 26 November to 1 December, during which the regional
daily‐mean PM2.5 exceeded 500 μg/m
3 (Li et al., 2017; Sun et al., 2016). Therefore, advancing our under-
standing and forecast skill of these short‐term heavy pollution events has important social and
economic implications.
Cold air activity is one of the major processes influencing aerosol variations in winter. Many studies have
shown that severe air pollution events were terminated by intrusions of cold air (Wang et al., 2014; Wang
et al., 2017; Zhang et al., 2016). The concentrations of pollutants usually decrease sharply following south-
ward surges of the polar cold airmass. Some studies have connected long‐term variation in the frequency
of cold surges with aerosol concentrations in North China. On interannual time scales, the occurrence of
cold surges has a negative correlation with the number of haze‐fog days in eastern China (Jeong & Park,
2017; Li et al., 2016; Liu et al., 2017; Tao et al., 2016). The decreasing frequency of cold surges in recent
years may have contributed to decreased visibility and increased fog (Niu et al., 2010; Qu et al., 2015).
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These studies suggest that regional air quality is strongly regulated by cold air activities. Most previous
studies have described the general characteristics of aerosol changes and cold air activity. However, a
quantitative description of the fine structure, temporal evolution, and physical and thermal features of the
cold airmasses in which the pollutants are loaded has not yet been considered. Clearly, meteorological
conditions (i.e., wind speed, relative humidity, and vertical instability) affecting aerosols can be changed
substantially by the movement, alternation, denaturation, and renewal of cold airmasses. Thus, an accurate
description of the cold air activity may improve our understanding of the evolution of regional air pollution
in eastern China.
Although connections between cold air activities and aerosol concentrations have been studied over the past
decades, our knowledge of the effect of cold‐air‐related physical processes on aerosols is incomplete. Some
studies have noted that the strong northerly winds during cold air outbreaks transport aerosol particles
southward, reducing aerosol concentrations in upstream areas (An et al., 2009; Wang et al., 2016; Wang
et al., 2017). Strong northerly winds also cause neutral stratification in the lower troposphere, which facili-
tates the dispersion of aerosols (Chen et al., 2008). Furthermore, large vertical wind shear usually accompa-
nies cold air activities, which could increase vertical mixing and improve air quality (Zhang et al., 2014).
However, in some cases, the decrease in aerosol concentrations begins before a northerly wind regime has
been established (Hien et al., 2011). In other cases, the aerosol‐rich airmass may rise above the boundary
layer into the free troposphere (Eixmann et al., 2002; Lang et al., 2007). These studies suggest that cold air
activity may influence the spatiotemporal variations of aerosols. Clearly, an estimation of various cold air
physical processes is required to clarify their roles in regulating aerosols.
Assessing the impacts of cold air activities on air quality requires quantitative metrics for the cold airmass,
provided by recent advances in isentropic analysis. Iwasaki et al. (2014) developed an isentropic analysis
method for the polar cold airmass, defining it as the airmass below a threshold potential temperature.
Because potential temperature is a conservative parameter (in the Lagrangian sense) under adiabatic pro-
cesses, it can be used to reflect both the extent and trajectory of the cold airmass (Iwasaki et al., 2014;
Papritz & Spengler, 2017). This advanced method allows us to quantitatively measure the amount, horizon-
tal flow, strength, loss, and generation rates of a cold airmass. It has already been applied to studies of cli-
mate, weather and extreme events, precisely describing the characteristics of the cold airmass in East
Asia, including intensity, pathway, temporal evolution, sources, and sinks (Kanno, Abdillah, et al., 2015;
Shoji et al., 2014; Yamaguchi et al., 2019). Thus, our study of cold air activities can be extended from quali-
tative description to quantitative analysis using this method. Another advance relevant to this study is pub-
lication of a new‐generation reanalysis dataset (Modern‐Era Retrospective analysis for Research and
Applications, version 2, MERRA‐2), which provides three‐dimensional fine structures and evolutions of
aerosols with observations constrained. In this dataset, aerosol fields were radiatively coupled to the atmo-
sphere for the first time (Randles et al., 2017). The MERRA‐2 data provide mass, optical properties and other
diagnostic properties of several kinds of aerosols at high spatial and temporal resolutions.
In this study, our goal was to quantitatively describe the characteristics and the impacts of the cold airmass
on the evolution of aerosol concentrations during winter in North China. The primary goal was to explore
the cold airmass‐aerosol link at different timescales and to clarify the key physical processes underlying
the cold airmass' effect on aerosol concentrations. Section 2 describes the advanced datasets and methods
used in this study. Section 3 presents the variation in aerosol concentrations related to the cold airmass with
an emphasis on subseasonal to synoptic time scales. Section 4 illustrates detailed spatiotemporal variations
in aerosol concentrations during cold air outbreaks and synoptic‐scale oscillations. Section 5 quantitatively
estimates contribution of physical processes associated with the cold airmass to changes in aerosol concen-
trations using newly derived diagnostic equations. Finally, our conclusions are discussed in section 6.
2. Data and methods
The meteorological and aerosol data used in this study were obtained from the MERRA‐2 reanalysis dataset,
which is produced by the National Aeronautics and Space Administration (NASA) Goddard Earth
Observing SystemModel version 5. The meteorological variables include air temperature, relative humidity,
wind speed, geopotential height at 25 pressure levels (from 1,000 to 100 hPa) and surface pressure. The
aerosol variables include mixing rate at various model levels, surface mass concentration, and column
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mass density for four kinds of aerosols: dust, sea salt, black carbon and organic carbon, and sulfate (SO4
2−).
The aerosol variables on the hybrid sigma‐P coordinate system were interpolated into pressure coordinates
to match the meteorological variables before analysis. These variables have a horizontal resolution of 0.625°
longitude × 0.5° latitude. The time intervals were 1 and 3 hr for surface data and pressure level data, respec-
tively. Buchard et al. (2017) have shown that the MERRA‐2 products provide a good representation of aero-
sol vertical structure and surface fine particulate matter through comparison of satellite, aircraft, and
ground‐based observations. To examine the reliability of MERRA‐2 aerosol data over China, we used
ground‐based visibility data from the China Meteorological Administration (CMA). The visibility was
recorded four times daily (at 00:00, 06:00, 12:00, and 18:00 UTC). Given that the aerosol pollution over
North China was most serious during recent winters, meteorological and aerosol data covering November
2014 to March 2015 for North China (114–122°E, 30–40°N) were analyzed in this study.
Isentropic analysis was used to recognize and describe the polar cold airmass quantitatively (Iwasaki
et al., 2014). The total amount (thickness) of cold airmass below a threshold potential temperature (θT)
is defined by
DP ¼ ps−p θTð Þ; (1)
where ps and p(θT) indicate the ground surface pressure and the pressure on the θT layer, respectively. The
potential temperature θ= 280 K was set as the threshold θT herein, after Iwasaki et al. (2014). The horizontal
cold airmass flux is defined as
F ¼ ∫psp θTð Þvdp; (2)
where v and F indicate the horizontal wind and cold airmass flux, respectively. To measure the coldness, the
negative heat content is defined as
ϑ ¼ ∫psp θTð Þ θT−θð Þdp; (3)
where ϑ indicates the negative heat content. As in Shoji et al. (2014), the cold airmass flux into North China
(FNC) can be calculated via integration over 114–122°E across 40°N, using
FNC ¼ a cosϕg ∫
lon¼114°E
lon¼122°EF−vdλjlat¼40°N; (4)
where a, g, ϕ, and F−v indicate the radius of Earth, gravity acceleration, latitude (40°N), and equatorward
cold airmass flux, respectively.
3. Temporal Characteristics of Aerosol Concentrations Related to
Cold Airmasses
3.1. Spatial Distribution and Temporal Variations of Aerosols Over North China
The geographical distribution of aerosols over North China in winter is represented in Figure 1, which shows
the winter‐mean concentration of five major aerosols and the aerosol optical depth derived from MERRA‐2
data. Dust was the primary component of aerosols (7.29 × 104 μg/m2 on average), mostly occurring over the
western part of North China (Figure 1a). Sea salt was basically distributed within the coastal region
(Figure 1b). Sulfate (SO4
2−) was another primary component of aerosols, with a concentration of 2.71 ×
104 μg/m2 on average, making it subdominant to dust (Figure 1c). High SO4
2− concentrations mainly occur
over North and Central China, where anthropogenic emissions are highest. Black carbon and organic car-
bon had spatial distributions like SO4
2− but had lower concentrations (Figures 1d and 1e). These three kinds
of aerosols are associated with human activity (Figures 1c–1e). Their spatial distributions are correlated
higher with total aerosol optical depth (Figure 1f), because their capacity for extinction are more effective
than natural aerosols (e.g., Tegen et al., 1997). Among them, SO4
2− accounted for about 61% of anthropo-
genic aerosols. In the following analysis, we selected SO4
2− to represent anthropogenic air pollution over
North China.
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To verify the reliability of MERRA‐2 data, we compared the surface SO4
2− mass concentrations with
observed atmospheric horizontal visibility (Figure 2). Visibility reflects the horizontal extinction of aerosols
within the near‐surface layer, which indirectly represents aerosol concentrations. Figure 2a shows that air
quality in North China was worst in eastern China during winter. The mean visibility was less than 15
km in most areas of North China, with lowest (6–10 km) values in the southern parts. Figure 2b shows that
the spatial distribution of SO4
2− concentrations derived from MERRA‐2 was consistent with observed
visibility. Moreover, temporal variations in daily‐mean visibility and SO4
2− concentrations exhibited an
out‐of‐phase relation throughout the winter months (Figure 2c). The correlation coefficient between these
two variables was estimated as −0.59, above the 99% confidence level. Thus, the reanalysis data capture
the primary features of spatiotemporal variations in aerosol optical properties. This result supports previous
validations (Buchard et al., 2017) and suggests MERRA‐2 aerosol data perform well over China.
3.2. Relationship Between Regional‐Mean Aerosol Concentrations and the Cold Airmass
We examined temporal variations of cold air activity and aerosol concentrations. Figure 3 shows that both
cold airmass amount and SO4
2− concentrations averaged over North China showed obvious subseasonal
variations. Before 28 November, the cold airmass had a thickness of less than 70 hPa; both the negative heat
content and cold airmass flux also had low values. Meanwhile, surface SO4
2− concentrations were high, indi-
cating heavy pollution in North China. After 28 November, the cold airmass increased considerably, with a
thickness of more than 200 hPa; both the negative heat content and cold airmass flux were also enhanced.
This enhanced cold air activity lasted until 3 December. From 4 December to 20 January, the cold airmass
amount, negative heat content and cold airmass flux gradually decreased but rose again from 25 January
to 10 February as well as from 17 February to 11 March. During these subseasonal periods of enhanced cold
air activity, surface SO4
2− concentrations were relatively low over North China. However, after 11 March,
the cold airmass declined markedly, while surface SO4
2− concentrations rose in response to this condition.
Figure 1. Spatial distribution of the column concentrations of (a) dust, (b) sea salt, (c) sulfate, (d) black carbon, (e) organic
carbon, and (f) aerosol optical depth averaged from November 2014 to March 2015. Black boxes denote the study region of
North China in each panel.
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Figure 3 also shows that cold air activity exhibited strong fluctuations over intervals of several days, as indi-
cated by peaks in cold airmass amount, flux and heat content. These synoptic fluctuations can be categorized
as a cold air outbreak, with three to six subsequent cold air oscillations. The cold air outbreak was character-
ized by a marked increase in the cold airmass. The cold air oscillations were characterized by cycles of
increase/decrease in the cold airmass, with amplitude changes comparable to the daily mean values. Cold
Figure 2. Spatial distribution of (a) visibility, (b) surface SO4
2− concentration averaged from November 2014 to March
2015. (c) Temporal variations of regional‐mean visibility (red line), surface SO4
2− concentration (green line) over North
China.
Figure 3. Daily variation in regional‐mean surface concentration of SO4
2− (yellow line), cold airmass amount (blue
line), negative heat content of cold airmass (red line), and the magnitude of cold airmass flux (green line) over North
China from November 2014 to March 2015. Gray and black boxes denote cold air outbreaks and cold air oscillations,
respectively.
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air outbreaks were usually followed by a period (1–3 weeks) of enhanced cold air oscillations. Accordingly,
surface SO4
2− concentrations also experienced fluctuations, with their lowest values coinciding with cold air
intrusions. During these synoptic oscillations, the cold airmass decayed, with fluctuations occurring from 10
December to 10 January, as well as from 29 January to 10 February and from 24 February to 12 March.
Meanwhile, concentrations of SO4
2− gradually accumulated to the peak.
To examine changes at different time scales, we carried out power spectrum and band‐pass filter analyses on
the cold airmass amount and SO4
2− concentrations. Figures 4a and 4b show that the spectra for both cold
airmass amount and SO4
2− concentration had peak periods of 4–6 days, indicating a major synoptic‐scale
variation. A period of 30–60 days was also recognized, corresponding to subseasonal variation.
Figures 4c and 4d show filtered time series of cold airmass amount and SO4
2− concentrations at subseasonal
and synoptic time scales, respectively. At a subseasonal scale, the cold airmass anomaly can be divided into
three active periods and four quiet periods (Figure 4c). In general, SO4
2− anomalies were anticorrelated with
cold airmass anomalies, yielding a correlation coefficient of −0.55. Valleys (peaks) of SO4
2− concentrations
usually occurred a few days earlier than peaks (valleys) of cold airmass anomaly. At a synoptic
scale (Figure 4d), the cold airmass anomalies had large amplitude fluctuations during all three periods (10
December to 9 January, 2–13 February, and 25 February to 11 March). Synoptic oscillations usually
followed cold air outbreaks, such as those on 28 November and 25 January. During these periods, the fluc-
tuations of the cold airmass were negatively correlated with the SO4
2− fluctuations, with a correlation coef-
ficient of −0.64. Figures 4c and 4d indicate that synoptic cold air outbreaks correspond well with the lowest
subseasonal concentrations of SO4
2−. The SO4
2− anomaly slowly increased during periods of synoptic oscil-
lations of cold air, peaking when synoptic oscillations declined. Once synoptic oscillations ceased, relatively
warm conditions developed, during which SO4
2− concentrations returned to their seasonal‐mean value
(Figure 4c). Our results indicate that subseasonal SO4
2− concentrations are mostly out‐of‐phase with cold
airmass influxes, although their smaller scale changes may be regulated by synoptic disturbances, as dis-
cussed later in section 6. Overall, this analysis suggests that cold airmasses have large impacts on aerosol var-
iations at both subseasonal and synoptic time scales.
3.3. Large‐Scale Circulation Associated with Subseasonal Changes in Aerosol Concentrations
Here, we examine large‐scale atmospheric conditions associated with subseasonal aerosol variations, before
studying their detailed evolutions at the synoptic scale. As shown in Figure 4c, the subseasonal variations in
both cold airmasses and aerosol concentrations exhibited several quiet/active periods. Figure 5a shows that
the center of the polar cold airmass was located northwest of Lake Baikal during the first quiet period.
During this time, North China was not influenced by the polar cold airmass, having regional‐mean surface
SO4
2− concentration of 18.0 μg/m3. Other quiet periods also showed zonal distribution patterns (Figures 5b
and 5c), with the main cold airmass to the north of 55°N, producing a northeastward cold air stream. The
cold airmass was thinly distributed over North China (thickness <150 hPa), producing a very weak
southward cold airmass flux. Accordingly, surface SO4
2− concentrations were higher than 15.0 μg/m3 in
North China.
During the first active period (Figure 5d), the center of the polar cold airmass moved to the coastal area of
northeast Asia, with a subcenter over the northeast area of North China. During this active period, in con-
trast to the zonal pattern characterizing the quiet period. A strong southeastward flux of cold airmass
occurred over northeast Asia (35–55°N), which transported large amounts of cold airmass to North China.
Therefore, surface SO4
2− concentrations in North China markedly decreased to 7.0 μg/m3. In other active
periods (Figures 5d and 5f), a southward extending cold tongue along the northeast Asian coast was domi-
nant. In these cases, the strong northerly cold airmass flux also constrained SO4
2− concentrations to 11.0 and
12.0 μg/m3 during these periods, which were slightly higher than SO4
2− concentrations in the first active
period. This was because the synoptic fluctuations in later active periods were weaker than during the first
active period, causing the southeastward flux of cold airmass to have less influence over North China, espe-
cially over the southern part. Nevertheless, in North China, large differences in SO4
2− concentrations
occurred between these active versus quiet periods. In summary, subseasonal variations in the zonal shift
of the polar cold airmass centers and associated meridional fluxes have a great effect on the intensity of
the cold air stream in North China, modulating surface SO4
2− concentrations.
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Figure 4. Power spectra of the region‐mean (a) cold airmass amount and (b) surface SO4
2− concentration over North
China. Time series of the cold airmass anomaly and surface SO4
2− anomaly filtered on a (c) subseasonal time scale and
(d) synoptic time scale. Blue triangles denote the cold air outbreaks.
Figure 5. Period‐averaged cold airmass amount (shaded), cold airmass flux (vectors), and surface SO4
2− concentrations
(hatched for >8 μg/m3) during (a)–(c) quiet periods (upper) and (d)–(f) active periods (bottom) of cold air activity.
Black box denotes the domain of North China. The value in the bottom right corner denotes the regional mean surface
SO4
2− concentration.
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4. Spatiotemporal Variations of Aerosol Concentrations Induced by Cold Air
Activities at Synoptic Time Scales
4.1. Aerosol Variations During Cold Air Outbreaks
To investigate links between aerosol concentrations and cold airmasses over synoptic time scales, cold air
activities were divided into outbreak and oscillation periods to reflect their different effects on aerosol con-
centrations. The outbreak event represents the transition from quiet to active cold air phases, while oscilla-
tions are continuous fluctuations during the active phase (Figures 4c and 4d). Herein, we examined the
spatial patterns of aerosols associated with evolution of the cold airmass during cold air outbreaks. We focus
on a strong cold air outbreak occurred from 29 November to 1 December when the East Asia trough was
deepening (Text S1 and Figure S1 in the supporting information).
To demonstrate the spatial‐temporal collocation of aerosol and cold airmass distributions, we examined the
evolution of surface SO4
2− concentrations as well as the distribution and flux of the cold airmass at 12‐hr
intervals (Figure 6). Before the outbreak of cold air (29 November; Figure 6a), light easterlies prevailed over
North China, which brought moisture from the sea, developing conditions favorable to maintaining/
increasing the aerosol mass concentration. At this stage, the surface SO4
2− concentrations in North China
were high (19.9 μg/m3), with a relatively even horizontal distribution. From 00 UTC on 30 November to
00 UTC on 1 December, strong northwesterly winds accompanying the cold airmass swept southeastward
across North China (Figures 6c–6e). The cold airmass increased at a rate of 214.6 hPa/day over North
China. During the outbreak and southeastward intrusions of the cold airmass, surface SO4
2− concentrations
decreased gradually from northwest to southeast over North China. The area having the highest surface
SO4
2− concentrations (>8 μg/m3, orange contours) during this period was clearly offset by the area affected
by the cold airmass (shaded area). At 12 UTC on 1 December, North China was fully occupied by the cold
airmass (Figure 6f), surface SO4
2− concentrations in North China dropped to 3.3 μg/m3.
Earlier studies have attributed the decrease in aerosol concentrations during cold air outbreaks to strong
northerly winds and large vertical wind shear. In our study, however, the establishment of northerly winds
was not consistent with reductions in surface SO4
2− concentrations. In fact, northerly winds prevailed over
the whole of North China at 00 UTC on 30 November, when most areas of North China were still occupied
by a high‐SO4
2− warm airmass (Figure 6c). Over the following 12 hr, northerly winds continued to blow,
with speeds reaching 7.9 ± 3.0 m/s. The area having high SO4
2− concentrations retreated southward,
although concentration was largely undiminished (falling from 21.3 to 20.0 μg/m3). Similar behavior of
the northerly wind was observed in other outbreak events. These results suggest that expansion of the cold
airmass has better spatiotemporal correlation with aerosol changes than the occurrence of strong
northerly winds.
To explore the correlations between aerosol and airmass evolutions in North China, we examined the differ-
ences in surface air temperature, specific humidity, wind speed and vertical wind shear in areas having high
and low surface SO4
2− concentrations (Table 1). The threshold value of high versus low surface SO4
2− con-
centrations was set to 8.0 μg/m3. Results reveal that wind speed and vertical wind shear showed small differ-
ences between these areas. Furthermore, both wind speed and vertical wind shear in high surface SO4
2−
areas were larger than their winter mean values of 4.1 and 20.0 m/s, generating conditions that were unfa-
vorable to maintaining high aerosol concentrations. This again suggests that wind may not be the dominant
factor underlying the SO4
2– distribution in this region. In contrast, large differences existed in air tempera-
ture and specific humidity between the two areas. The surface air in the area having low SO4
2− concentra-
tion was much colder and drier than in the area having high SO4
2− concentration. The in situ observations
from CMA showed similar results with reanalysis data. These differences in thermodynamic properties
imply that SO4
2− concentrations may be controlled by different airmasses.
We used this difference in thermodynamic properties to identify cold and warm airmasses and to examine
their vertical structures in this region. Here, a methodology based on the 3‐D gradient of potential
pseudo‐equivalent temperature (θse) is proposed to identify airmass boundaries. In this case, high vertical
and horizontal gradients of θse represent the upper and lateral boundaries of an airmass. Figures 7a–7h show
the vertical distributions of the airmass and concentrations of SO4
2− along 116°E on 30 November (during
the strong cold air outbreak). At the beginning of the outbreak at 00 UTC, the local warm airmass
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Figure 6. (a)–(f) Spatial distribution of the cold airmass amount (shaded), horizontal fluxes of the cold airmass (black
vectors), surface SO4
2− concentrations (contours), and surface winds (gray vectors) during the strong cold air outbreak
from 29 November to 1 December.
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occupied a large area, south of 38°N in North China, and its thickness decreased from north to south. At this
stage, SO4
2− was mainly distributed at low atmospheric levels, below 700 hPa. Both the horizontal and ver-
tical extents of the local airmass were collocated with high SO4
2− concentration areas (Figures 7a and 7e).
Subsequently, the boundary between the local warm airmass and the polar cold airmass moved southward
from 38°N to 30°N (Figures 7b–7d). Given that the material and energy of these different airmasses did not
readily exchange, this produced a large horizontal gradient in SO4
2− concentrations along the boundary
Table 1
Comparison of the Meteorological Parameters in the Areas Having High and Low SO4
2− Concentrations in North China
Regions Air temperature (K) Specific humidity (g/kg) Wind speed (m/s) Vertical wind shear (m/s)
Low SO4
2− concentration 272.9 ± 5.9 1.9 ± 1.2 8.5 ± 3.5 29.2 ± 5.0
High SO4
2− concentration 282.1 ± 3.4 5.8 ± 1.3 6.9 ± 2.3 25.9 ± 6.1
Figure 7. Latitude‐pressure sections of (a)–(d) θse (orange contour) and its vertical gradient (shaded) and horizontal gra-
dient (dotted for >2 × 10−5 K/m); (e)–(h) SO4
2−mixing ratio (shaded) andmeridional‐vertical wind field (vectors) from 00
UTC to 18 UTC on 30 November. Green boxes denote the extent of the local airmass.
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between the two airmasses. In this case, high‐SO4
2− air was trapped in the local warm airmass and remained
coincident with the southward retreat of the warm airmass during the cold air outbreak (Figures 7f–7h).
During the outbreak, the cold front had a large slope and the whole column SO4
2− decreased markedly.
Such spatial collocations of airmasses and SO4
2− concentrations also occurred in other cold air outbreak
events, suggesting that quantitative analysis of airmasses provides a new approach to explain spatial and
temporal variations in aerosol concentrations.
We also note that during the cold air outbreak, the SO4
2− concentrations in the local warm airmass remained
high even under a strong northerly wind regime. This northerly wind likely reflects the forcedmovement of the
local warm airmass, which was pushed southward by the polar cold airmass. Thus, a northerly wind in a warm
airmass does not necessarily lead to a decrease in aerosol concentrations, in contrast to northerly winds in the
cold airmass. Based on these results, we conclude that reductions in aerosols during cold air outbreaks inNorth
China are mainly related to replacement of polluted local airmasses by the cleaner polar airmass.
4.2. Aerosol Variations During Synoptic Oscillations of Cold Air
To clarify the evolution of the cold airmass and aerosol distributions during synoptic oscillations, we
analyzed 12 oscillation cycles. Cases 1–6 were selected from oscillations occurring from 10 December to 9
January; Cases 7–9 were during 2–13 February; while cases 10–12 were from 25 February to 11 March.
Each cycle was divided into eight phases using the time series of synoptic‐scale‐filtered cold airmass amount
(Figure 4c). Phases 1 and 5 correspond to the valley and peak of a given oscillation. Phases 3 and 7 are the
time points, where the curve crosses the zero line. Phases 2, 4, and 6 are midpoints on the curve between
Phases 1, 3, 5, and 7; while Phase 8 is below the zero line. The cycles of these cold air oscillations averaged
about 4.8 days. Note that the large‐scale circulation during cold air oscillations was similar to that during
cold air outbreaks, despite of the trough located more eastward (Text S2 and Figure S1).
Figure 8 shows the detailed evolution of surface SO4
2− concentrations and the cold airmass over North
China. During Phase 1, most of North China was occupied by a thin layer of cold airmass (Figure 8a).
Given the weak southerly wind regime, the cold airmass remained stationary. The surface SO4
2− concentra-
tions in North China were relatively high, with values greater than 8.0 μg/m3. In particular, the region occu-
pied by the thin layer of cold airmass had the highest surface SO4
2− concentrations (>16 μg/m3). Under the
influx of the cold airmass (Phases 2–5; Figures 8b–8e), the strong flux gradually extended the cold airmass
southward, renewing the original thin cold airmass layer. The cold airmass increased at a rate of 70.8
hPa/day over North China. The high surface concentrations of SO4
2− retreated southward. Its northern
extent was the southern boundary of the area affected by the strong cold airmass flux (blue shaded area).
As the cold airmass decreased (Phases 6–8; Figures 8f–8h), the cold airmass decreased to less than
100 hPa over North China. Surface SO4
2− concentrations rose again in the remaining cold airmass layer,
beginning the next cycle. These results suggest that surface SO4
2− concentrations varied periodically, reflect-
ing southward extensions of the cold airmass during synoptic‐scale oscillations.
The vertical structures of the cold airmass and SO4
2− distributions during cold air oscillations are shown in
Figure 9. During Phase 1 (Figures 9a and 9i), a front zone (or subtropical front) was located at 25–30°N and
inclined toward north; it acted as a boundary to the southern warm airmass and denatured cold airmass.
The denatured cold airmass had an “M” shape, while occupying North China. High concentrations of SO4
2−
aerosols associated with the denatured cold airmass also had M‐shaped contours. During Phase 2 (Figures 9b
and 9j), the subtropical front remained at 25–30°N. Meanwhile, a new front formed at 38°N (referred as the
polar front), which divided the denatured cold airmass and the polar cold airmass. This caused a decrease in
the spatial extent of the denatured cold airmass, aswell as the corresponding area of high SO4
2− concentrations.
As the polar front pushed southward, it further compressed the denatured cold airmass (Figure 9c). During
phase 4 (Figures 9d and 9l), the polar front met the subtropical front, forming a wider front zone from 25–
34°N. The denatured cold airmass merged into this wide front, causing the air with high SO4
2− concentrations
to move with the wide front zone. At the same time, the near‐surface concentrations of SO4
2− started to rise in
the polar cold airmass over North China. From Phase 5 to Phase 8, the front moved completely out of North
China, becoming narrower (Figures 9e–9h and 9m–9p). During the decay phases, SO4
2− concentrations
decreased at the front but increased below the polar cold airmass. Finally, the wide front became a new subtro-
pical front at 25–30°N, with the polar cold airmass becoming newly denatured one over North China.
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Our analyses suggest that outbreaks of cold air can be described as alternations of cold and warm airmasses,
while synoptic oscillations of cold air can be described as periodical renewals of the cold airmass over North
China. It is obvious that there are some differences between these two processes. During outbreaks, the affected
region can be identified by the extent of the cold airmass (Figure 6). However, during oscillation periods, the
affected region can be identified by the strong flux of the incoming cold air (Figure 8). A major difference
between these two events is whether there exists a cold airmass over North China before the intrusion of the
polar cold airmass.Moreover, the cold airmass could sweep acrossNorthChina in less than 24hr following out-
breaks, while influx of the cold airmass during oscillations usually took more than 48 hr. Considering the high
emissions in North China and the relatively slow movement of the cold airmass during oscillation events, the
increase in SO4
2− concentrations in the polar cold airmass during oscillation events is not surprising.
Despite their differences, the outbreaks and oscillations of the cold airmass explain the large impacts of
synoptic cold air activity on spatiotemporal variations in aerosol concentrations in North China. The evolu-
tion in aerosol distributions can be described in response to the polar cold airmass flowing southward,
pushing the local airmass (warm airmass or denatured cold airmass) away from North China. Because of
the non‐exchangeability between different airmasses, high concentrations of aerosols always remain in
the local airmass. Basically, both potential temperature and aerosols are conservative parameters (in the
Lagrangian sense) under adiabatic processes, without sources or sinks. The cold airmass, mainly generated
in higher latitudes, flows southward toward midlatitudes (Kanno, Shoji, et al., 2015), changing the distribu-
tion of aerosols along its trajectory. Therefore, the 3‐D structure of the cold airmass is a better indicator of
aerosol distributions than surface or lower‐tropospheric winds.
A further analysis was carried out to reveal the daily change of aerosols and the contribution of cold airmass.
Figure 10a shows that during study period the daily SO4
2− concentration decreased in 73 days, among which
Figure 8. Composite spatial distributions of (a)–(h) cold airmass amount (shaded), horizontal fluxes of cold airmass
(black vectors), surface SO4
2− concentrations (contours), and surface winds (gray vectors) during 12 cold air oscillation
events.
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50 days were accompanied by the daily increase of cold airmass. Overall, 81% of the accumulated amount of
SO4
2− reduction occurred during the days of increased cold airmass. The daily change of aerosols has a
correlation (−0.58) with the change of cold airmass (Figure 10a), which is much stronger than that with
the change of northerly wind speed (−0.36 in Figure 10b). In particular, in the days of increased cold
airmass, the daily change of aerosol still has a significant correlation (−0.48) with cold airmass, as shown
by the dashed line in the right half of Figure 10a. In contrast, its correlation with surface wind is much
weak (−0.12) in the days of increased northerly wind, as shown by the dashed line in the right half of
Figure 10b. Among the 40 days with the largest increase of cold airmass (northerly wind), 34 days (27
days) experienced a drop of aerosol concentration. Therefore, using quantitative analysis of the cold
airmass, we may achieve a more accurate forecast of spatiotemporal variations of aerosols during
winter months.
5. Processes Controlling Aerosol Variations Associated With the Cold Airmass
5.1. Equations for Estimating Changes of Aerosol Concentrations
In this section, we further examine the physical processes that govern the changes in aerosol concentrations
and quantify the impacts of cold airmass evolution on aerosol distributions. As shown in the schematic diagram
(Figure 11), the column aerosol mass is affected by the processes associated with the cold airmass. In an
Eulerian system, at a single grid point, the horizontal replacement of the cold airmass is represented by vertical
movement of its upper boundary. Thus, the air column can be divided into two parts using the threshold of
potential temperature (θT). The upper part (brown bar) is the local polluted airmass having a relatively high
aerosol concentration, while the lower part (blue bar) is the cold airmass having a low aerosol concentration.
At any given grid point, the total aerosol mass is the sum of aerosols integrated over both airmasses, as
defined below:
Figure 9. Composited latitude‐pressure sections of (a)–(h) vertical gradient of θse (shaded) and horizontal gradient of θse (dotted for > 2 × 10
−5 K/m) and potential
temperature (orange contours); (I)–(p) SO4
2−mixing ratio (shaded) and meridional‐vertical wind fields (vectors) during 12 cold air oscillation events. Green boxes
denote the extent of the local airmass.
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The parameters pθ, ps, and pT indicate the pressure on the θT surface, the
surface pressure and the pressure of upper boundary, respectively. In this
study, pT is set to 600 hPa, above which the aerosol concentration is very
low (Figures 7 and 9). Parameters qp and qc are the averaged concentra-
tions of aerosols in the polluted and cold airmasses, respectively; and g


























The local change of pressure between the surface and θT surface repre-






























Statistical analysis shows that the local change in surface pressure (∂ps∂t ) is
much smaller than the local change in cold airmass depth (∂DP∂t ). Thus, the


















Figure 11. Schematic diagram of the total mass of aerosol in the air column
and their governing physical processes at time t (a) and time t+Δt (b). Blue
bar denotes the air column in the cold/clean airmass and the yellow bar
denotes the air column in the warm/polluted airmass. The thick solid line
indicates the profile of threshold potential temperature.
Figure 10. Relationship between the daily change of surface SO4
2− concentration of with the changes in (a) cold airmass
amount and (b) surface northerly wind. The daily change is estimated by current day minus preceding day. The
dashed lines denote the linear regression in the days with increased cold airmass or northerly wind. Colors of the dots
denote the daily cold airmass amount or northerly wind at current day.
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According to the isentropic analysis method (Iwasaki et al., 2014), the change in the cold airmass amount is
mainly caused by horizontal convergence of the cold airmass (− ∇ · F) over a short period, described by
∂DP
∂t
¼ −∇·F þ G θTð Þ≈−∇·F: (8)
Here, we should note that although diabatic effects (G(θT)) do not have large impacts on the main body of
the cold airmass over land, vertical mixing, and released latent heat significantly affect the thermal and aero-
sol distributions near the frontal surface. Thus, the aerosol concentration changes as a result of horizontal
advection (− v!·∇q) and sources/sinks (S), as defined by
∂q
∂t
¼ − v!·∇qþ S: (9)


















−∇·Fð Þ þ S
h i
: (10)
The first and second terms on the right‐hand side denote the horizontal advection of aerosols in the polluted
local airmass and polar cold airmass, respectively. These two terms explain the uneven horizontal distribu-
tion of aerosols. The aerosol distribution in the local warm airmass is influenced by scattered emission
sources. In the cold airmass, aerosol concentrations have a meridional gradient, with higher values in the
south. This reflects high emissions of aerosols in North China; the longer the cold airmass takes to move into
North China, the more aerosols it accumulates. The third term on the right‐hand side denotes the vertical
replacement of the polluted airmass by the cold airmass. The horizontal convergence of the cold airmass flux
leads to an increase in the cold airmass depth, replacing a layer of polluted airmass above the former θT sur-
face. Both the second and third terms are related to the intrusion of the polar airmass. The last term on the
right‐hand side represents the sources/sinks of aerosols. Using the above diagnostic equations, we can quan-
tify the contributions of various physical processes during the cold airmass evolution on local changes in
aerosol concentrations.
5.2. Contributions of Various Physical Processes to Changes in Aerosol Concentrations
To show the influence of physical processes associated with the cold airmass on aerosol concentration
changes, we selected the strong cold air outbreak (29 November to 1 December) to examine the first three
terms on the right‐hand side of equation (10). To distinguish the cold and warm airmasses more precisely,
we employ the threshold θse = 290 K in this section (see Text S3 and Figure S2).
Figure 12 shows the local impacts of different processes on SO4
2−mass before and during the strong cold air
outbreak. Before the outbreak, at 12 UTC on 29 November (Figures 12a–12d), the front represented by the
isoline of θse = 290 K lay to the north of 40°N. North China was occupied by a local warm airmass with high
surface SO4
2− concentrations (hatched in brown). Advection of SO4
2− within the local warm airmass was
obvious, and producing a scattered aerosol distribution over North China. While processes represented by
the other terms were negligible. Overall, the advection of SO4
2− in the warm airmass accounted for most
of the local changes in SO4
2− concentrations (Figures 12a and 12d). However, the regional‐mean change rate
of SO4
2−was 0.3 × 108 g/hr, which was too small to affect the total SO4
2−mass over North China. Therefore,
advection within the warm airmass mainly redistributed SO4
2− locally.
At 06 UTC on 30 November (Figures 12e–12h), the cold front moved southward. The area having high SO4
2−
concentration was still located south of the frontal zone. Advection of SO4
2− in the warm airmass produced a
banded distribution (Figure 12e). Near the cold front was a belt of negative SO4
2−mass advection, parallel to
the frontal zone. To the south, there was also a wide belt of positive advection. As a result of advection in the
warm airmass, the SO4
2− concentration increased locally before the arrival of the cold front (Figures 6c and
6d, or see Text S4 and Figure S3 for detail). The SO4
2− advection within the cold airmass and vertical repla-
cement of SO4
2− exhibited similar distributions (Figures 12f and 12g), jointly forcing a large decrease in
SO4
2− mass along the cold front. Together, all three processes (Figures 12e–12g) can explain the spatial
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distributions and changes in total SO4
2− mass (Figure 12h). Specifically, the increase in SO4
2− mass in
southern regions was mainly caused by advection within the warm airmass, while the decrease in SO4
2−
mass along and behind the cold front was mainly caused by advection in the cold airmass as well as
vertical replacement (see detail of the local evolution of SO4
2− in Text S4 and Figure S3).
To quantify the regional effects of physical processes during synoptic disturbances, we calculated their
induced rates of change in total SO4
2− mass averaged over North China. During cold air outbreaks
(Figure 13a), the total effect of advection in the warm airmass varied with a small amplitude, with a time‐
averaged value of 0.2 × 108 g/hr; this had a weak effect on the total SO4
2− mass. Meanwhile, advection in
the cold airmass and vertical replacement produced much larger effects, with peak values of −10.4 × 108
and −7.6 × 108 g/hr, respectively. The two cold airmass processes jointly explain nearly all the total SO4
2−
mass decrease in the first 12 hr of the cold air intrusion. This suggests that both the continuous supplement
of fresh cold air and the convergence of cold airmass flux are the underlying mechanisms for regional
decreases of SO4
2− mass concentrations in North China.
Figure 13b shows the contribution of three processes during all 12 oscillation events. The advection in
the cold airmass was the primary process causing a decrease to regional SO4
2− concentrations, account-
ing for ~68% of the total SO4
2− mass decrease. Advection in the warm airmass also partly contributed
(~22%) to this aerosol reduction, especially during the early stages of the cold air intrusion. However, ver-
tical replacement only contributed ~10% to SO4
2− reduction. This process was associated with the dena-
tured cold airmass over North China before the arrival of the polar cold airmass, in which high SO4
2− air
was mostly constrained to the surface (Figure 9). In general, aerosol reductions during oscillations were
much smaller than during outbreaks (cf. Figures 13a and 13b). This explains why aerosol concentrations
drop to a minimum during cold air outbreaks and then slowly increased during repeated cold air
oscillations (Figure 3).
Figure 12. Spatial distribution of the change rate of SO4
2−mass due to (a) advection in the warm airmass, (b) advection in
the cold airmass, (c) vertical replacement of the airmass, and (d) the total change rate of SO4
2− mass at 12 UTC 29
November. Purple solid line denotes the isoline of θse = 290 K at 850 hPa. The area of column aerosol concentration
greater than 2.0 × 104 μg/m3 is hatched in brown. Panels (e)–(h) are the same as (a)–(d), but for 06 UTC 30 November.
10.1029/2018JD029367Journal of Geophysical Research: Atmospheres
LIU ET AL. 7323
6. Summary and Discussion
In this study, through quantifying the cold airmass, we identified its detailed spatiotemporal variations and
its impacts on SO4
2− concentrations over North China. A diagnostic method was developed for estimating
contributions of three physical processes related to cold air activities to these aerosol variations. The major
findings are summarized below.
1. The cold air activity in North China can be characterized by multi–time scales having periods of
30–60 days (subseasonal) and 4–6 days (synoptic). A significant inverse relationship was found
between the regional‐mean time series of SO4
2− concentrations and cold airmass, with correlation
coefficients of −0.55 and −0.64 at subseasonal and synoptic time scales, respectively. At subseasonal
time scales, the activities of the cold airmass during the study period could be divided into several
active and quiet periods. In active periods, the eastward displaced main body of the polar cold airmass
was conducive to the incursion of a cold airmass into North China. The average SO4
2− concentration
during active periods of the cold airmass was 51% lower than during quiet periods. At synoptic time
scales, the fluctuations of the cold airmass could be categorized into outbreak and oscillation events,
corresponding to the start and gradual decay of an active subseasonal period.
2. The outbreak and oscillations of the cold airmass were related to eastward movement and deepening of
the trough under westerly winds. During the intrusion of the cold airmass, the extent of high SO4
2− con-
centration area was collocated with the southern boundary of the cold airmass flux. Flux values per-
formed better as an indicator of spatial variation in SO4
2− concentration than northerly wind regimes.
Comparing atmospheric conditions in areas having high and low SO4
2− concentrations showed that
the difference in thermal properties were much greater than dynamic properties, indicating that the
areas having low/high SO4
2− concentrations were related to different airmasses. The reduction in aerosol
concentrations can be attributed to the replacement of the polluted local airmass (a warm or denatured
cold airmass) by the clean polar cold airmass, rather than the mixing of the polluted airmass with the
Figure 13. (a) Temporal variations of the regional‐mean SO4
2− mass change linked to advection in the warm airmass
(yellow bars), advection in the cold airmass (green bars), vertical replacement of the airmass (blue bars) during the
strong event of cold air outbreak. Panel (b) shows the same for the 12 cold air oscillation events of section 4.2. The “0h” in
(b) denotes the hour having the maximum cold airmass amount in North China.
10.1029/2018JD029367Journal of Geophysical Research: Atmospheres
LIU ET AL. 7324
clean polar airmass, as previously proposed. During this replacement, the high‐SO4
2− air is trapped in the
local warm airmass and is pushed away from North China by the cold front.
3. Based on the nonexchangeability of material and energy between different airmasses, we derived diag-
nostic equations for aerosol mass changes linked to cold air activity. The effect of airmass movement
on the SO4
2− levels was assigned to advection in the warm airmass, advection in cold airmass, and ver-
tical replacement along their boundary. During cold air outbreaks, SO4
2− concentrations increased
ahead of the cold front because of advection in the warm airmass but decreased sharply near the front
under the combined effect of all three processes. On a regional scale, the influence of advection in the
warm airmass on SO4
2− concentrations was small. Thus, the physical processes associated with the cold
airmass, including advection and vertical airmass replacement within the frontal zone, accounted for
most of the regional decrease in SO4
2− concentrations. During synoptic oscillations, the effect of the cold
airmass on aerosol reductions was slightly less than during cold air outbreaks. Because SO4
2− air was
loaded in the denatured cold airmass, advection in the renewed cold airmass became the primary process
reducing regional SO4
2− concentrations during these oscillations.
In this study, we showed that the activity of the cold airmass is the primary contributor to aerosol reductions
in North China in wintertime. This is related to the frequent intrusion of the clean polar cold airmass under
prevailing northerly winds. Although we do find a few events of aerosol reduction due to the replacement by
warm airmass, more than two thirds (68%) of aerosol reductions were associated with an enhanced cold air-
mass. The cold airmass is also characterized by distinct dynamics, inducing strong contrasts to its surround-
ings. Cold air activity is clearly associated with strong horizontal advection and vertical airmass replacement
at the frontal zone, which can lead to dramatic decreases in aerosol concentrations. This suggests that these
intrusions of cold air are a major and efficient contributor to aerosol reductions in wintertime.
Cold air activities markedly decreased aerosol concentrations, but they also increased aerosol concentrations
during their decay phase. Figure 3 showed that aerosol concentrations usually experienced a rapid recovery
after an intrusion of cold airmass. During these events, the regional mean aerosol concentrations increased
as much as 2.8 times. During decay phases of cold air oscillations, the SO4
2− concentrations in the resident
cold airmass were much higher than in other areas (Figures 8 and 9). In some extreme events, the surface
aerosol concentrations increased 10 times in 1 day, when there was a strong inversion layer between the cold
airmass and overlying warm airmass (figures not shown). This suggests that stagnation and denaturation of
the cold airmass may cause rapid recovery of aerosol concentrations.
Some studies found that in the case of high emissions, the high visibility caused by strong northerly winds
could only be maintained for about 1 day, then decreased rapidly (Liu et al., 2016). During persistent air
pollution events, cold air activity also can only temporarily reduce aerosol concentrations (Wang et al.,
2014). The rapid formation of air pollution episodes usually occurs after an intrusion of cold air, with aerosol
concentrations increasing from a few micrograms per cubic meter to tens and even hundreds of micrograms
per cubic meter in less than 1 day (Sun et al., 2016). Many studies have shown that this accumulation of aero-
sols is influenced by horizontal wind speed, relative humidity and static stability. These factors are closely
related to the intensity, thickness and stratification of the cold airmass (Petäjä et al., 2016; Zhang et al.,
2013; Zhao et al., 2011). To explore the mechanisms underlying these rapid increases in pollutants, further
analysis of the fine‐scale dynamic and thermodynamic features of cold airmasses, especially during their
decay stages is required.
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